All DHI test-day data, including milk urea concentrations measured by infrared test method, were collected from 60 commercial Ontario Holstein dairy herds for a 13-mo period between December 1, 1995, and December 31, 1996. The objectives of this study were to describe the relationships between milk urea concentrations and seasonal factors, sampling factors, cow factors, and testday production of milk, milk fat, protein, and SCC. Milk urea was associated with month and season; concentrations were the highest from July to September. Milk urea was generally lower in first-lactation cows. Milk urea was lowest during the first 60 d of lactation, higher between 60 and 150 d in milk, and lower after approximately 150 d in milk. In herds on an alternating a.m./ p.m. test schedule, milk urea was generally lower in a.m. than p.m. tests. There was a positive nonlinear association between milk urea and milk yield, fat-corrected milk, and energy-corrected milk. There was a negative nonlinear association between milk urea and both milk fat and total protein percentages. While there was a negative nonlinear association between cow-level milk urea and linear score, the study found no association between herd average milk urea and herd average linear score. The associations described in this study using Dairy Herd Improvement test-day samples from commercial dairy herds and using an infrared test to measure milk urea are generally consistent with results from studies that used individual animals housed under research conditions and chemical methods to measure milk urea. Because milk urea varies by season, month, parity group, stage of lactation, and sample type, studies should control for these variables. Because of the apparent effect of a.m. and p.m. sampling on urea conReceived April 6, 2000. Accepted July 15, 2000. Corresponding author: S. M. Gooden; e-mail:goddee002@tc. umn.edu.
INTRODUCTION
Infrared (IR) spectrophotometric methods for estimating the concentration of urea in milk were introduced in the early 1990s. The use of IR technology by DHI laboratories offered a rapid and inexpensive means of measuring milk urea (MU) concentrations. Godden et al. (2000) reported that IR could be used to measure MU in DHI milk samples, provided the data are interpreted at the group level.
Considerable interest has developed in using MU as a monitor of the efficiency of nitrogen utilization by dairy cows (Baker and Ferguson, 1993) . Overfeeding protein with a high urea concentration has been shown to have a negative impact on health and fertility in dairy cattle. Overfeeding also contributes to environmental pollution and higher feed costs (Baker et al., 1995; Blanchard et al., 1990; Ferguson et al., 1988; Kaim et al., 1983) . Conversely, underfeeding protein may also result in impaired fertility (Miettinen and Juvonen, 1990) and suboptimal milk production (Baker et al., 1995) .
However, the majority of the aforementioned studies were performed on individual animals under experimental conditions using chemical tests to measure MU. The association between MU and both nutritional management and performance should be determined under field conditions using commercial testing procedures (Bonnett, 1990; Sackett et al., 1991) . To investigate these associations, a measure of the nonnutritional factors affecting MU is needed.
The objectives of this study were to determine the relationships between MU and seasonal, a.m./p.m. sampling, cow factors, and test-day production parameters [milk yield, FCM, energy-corrected milk (ECM), milk fat percentage, total protein percentage, and SCC)] when using an IR test for measuring MU.
MATERIALS AND METHODS

Data Collection
Sixty commercial Ontario DHI dairy herds participated in a 13-mo study from December 1, 1995, to December 31, 1996 . Test data included date, herd number, a.m., p.m., or pooled samples, cow number, and individual cow information (calving date, parity, breeding dates, and milk yield). Milk samples were analyzed for milk fat, total protein, SCC, and MU by the DHI laboratory. Milk urea (mmol/L) was determined with an automated IR Fossomatic 4000 Milk Analyzer (Foss North America, Brampton, Ontario). Data were obtained electronically from Ontario DHI following each test day and stored in a database by herd, cow, and test-day identifications (Microsoft FoxPro, Version 2.6,). Herd management data (milking frequency, housing, feeding, nutrition, and reproductive programs) were collected through a questionnaire to producers.
Statistical Analysis
Incomplete cow records were excluded from the analysis. Fat-corrected milk and ECM were calculated using the following two formulas: FCM (kg) (3.5% fat) = [ (0.432 * lb milk) + (16.23 * lb fat) ] / 2.2 (Nordlund, 1987) ECM (kg) (3.5% fat, 3.2% protein) = (0.3246 * kg milk) + (12.86 * kg fat) + (7.04 * kg protein) (Bernard, 1997) .
Multivariate mixed linear regression (Proc Mixed in SAS) was used to determine the relationship between MU (dependent variable) and independent variables: month or season (January to March; April to June; July to September; October to December), cow factors [parity group (1 or 2+) and DIM on test day], and a.m., p.m., or pooled sample. Multivariate mixed linear regression models were also used to determine the relationship between MU (independent variable) and production parameters (dependent variables): milk yield (kg), FCM (kg), ECM (kg), milk fat percentage, total protein percentage, and linear score (LS) . The approach to model development was similar for all models. First, all potential dependent variables were screened for normality and the presence of outliers by visual assessment of the distributions and by calcula- tion of kurtosis and skewness. Because the SCC distribution was strongly right skewed, it was replaced in the model by the LS.
Next, a mixed univariate model (Proc Mixed in SAS) was developed to examine the relationship between independent and dependent variables (SAS Institute Inc., 1996; Release 6.12). The variable herd was included in the class and random statements of all models to control for the clustering of cows within the herd and for repeated measures within herd on different test days.
All independent variables that were significant at P < 0.25 in univariate analysis were carried forward into a single multivariate mixed model. Variables describing DIM, parity group, season or month, and a.m./p.m. sample were inserted in the final model, which tested MU against production parameters (milk yield, FCM, ECM, milk fat percentage, total protein percentage, and LS) as the dependent variables. Any independent variables that were not significant in this multivariate mixed model were subsequently removed by backwards elimination (P > 0.05). If visual inspection of scatter plots of the data suggested that a nonlinear association existed, a quadratic term of that independent variable was created and placed in the model. All remaining significant variables in each model were tested for the presence of interaction terms. Finally, residuals were calculated for each final model to assess homoscedasticity and normality and to identify the presence of outliers. If nonnormality was detected in the residual analysis then transformation of the outcome variable was considered.
RESULTS
Of the 60 herds that started the study, 53 herds completed the study. Of these, 38 (72%) were tie-stall facilities and 15 (28%) were free-stall facilities. Twenty-six herds (49%) were fed a TMR, while the remaining 27 herds (51%) were fed a component-based ration. Haylage, corn silage, and hay were the predominant forages. Only seven herds reported pasture as an important forage source. Statistics describing herd demographics, production, and reproductive performance are presented in Table 1 .
Cow-level data from 526 separate DHI tests of the 53 study herds contained 22,897 records from 4761 cows. Production, FCM, ECM, milk fat percentage, total protein percentage, LS, and MU are presented in Table 2 .
Association Between Milk Urea and Season, Sampling, and Cow Factors
With cow-level MU as the dependent variable, month, season, sample type, parity group, and DIM were all associated with MU (P < 0.05). Milk urea was highest during the months of August and September and during the late summer season (July to September). Mean MU concentrations by season are presented in Table 3 . Because the variables season and month were highly correlated, they could not be included together in the final multivariate model. Likelihood ratio test showed that inclusion of month yielded a better fit than did season.
Contrast analysis showed that MU concentrations were lower in a.m. than in p.m. samples (Table 4) .
A positive but nonlinear association existed between MU and DIM (Table 5 ). Milk urea concentrations were generally lowest during the first 60 DIM, higher between 60 and 150 DIM, and then were generally lower again after approximately 150 DIM. Milk urea was lower in first-parity animals. There was significant interaction between DIM and parity group. Mean MU × DIM and × parity group interactions are presented in Figure 1 . The multivariate model describing the associations between cow-level MU and month, parity group, DIM, and a.m./p.m. sample is presented in Table 5 . 
Association Between MU and Production
After controlling for confounding factors such as season, parity group, stage of lactation, and a.m./p.m. sample, there was a statistically significant (P < 0.05) but nonlinear association between MU and both milk fat and total protein percentages ( Figure 2 ).
There was a positive but nonlinear association between the cow-level MU and milk yield, FCM, and ECM (P < 0.05). Although the relationship looked similar between MU and each of these three measures of production, the model fit, as indicated by the likelihood ratio test, was significantly improved when ECM was used as the dependent variable. Significant covariates that remained in these models as potential confounders included DIM, parity group, month, and a.m./p.m. samples. Significant interaction existed between MU and parity group and between MU and DIM. The final model describing the association between cow-level MU and ECM is presented in Table 6 . A plot of cow-level MU versus milk yield and ECM is presented in Figure 3 .
A negative nonlinear association existed between cow-level MU and LS. Significant covariates included DIM, parity group, and month. Significant interaction terms existed between MU and parity group, and between MU and DIM. The final model describing the association between cow-level MU and LS is presented in Table 7 . A plot of MU versus LS is presented in Figure 2 . In contrast to the cow-level model, there was no relationship between herd average MU and herd average LS (P > 0.05).
DISCUSSION
Herd management practices (e.g., housing, feeding programs, feedstuffs, reproductive programs) were similar between herds on this study and herds on previous studies (Kelton et al., 1997; Sargeant et al., 1997) . 
Association Between Milk Urea and Season, Sampling, and Cow Factors
Parity group. While some studies reported that MU was lower in first-lactation heifers (Oltner et al., 1985) , other studies reported only minor differences, with no significant association between parity group and MU (Canfield et al., 1990) . The results of this study are consistent with previous studies, finding a statistically significant but numerically small difference in MU due to parity.
Stage of lactation. The results of this study are consistent with previous studies that reported MU varied by stage of lactation (Bruckental et al., 1980; Carlsson et al., 1995) . Carlsson et al. (1995) reported that MU was lowest immediately after calving, increased to a maximum between 3 and 6 mo of lactation, and slowly declined in later lactation. There was significant interaction between parity and DIM. The rate of decline in MU from mid to late lactation was greater in animals in parity two or greater. Changes in ration nutrient composition or feeding programs that occur among parity groups and different stage of lactation could contribute to the variation observed in MU. There may also be physiological or behavioral differences that could affect MU. For example, lower MU in first-parity animals may be attributable to lean tissue growth and a correspondingly higher efficiency of AA utilization. As a result, deamination of AA and subsequent urea formation in the liver may be reduced (Oltner et al., 1985) . Also, differences in DMI, rumen microbial adaptation, and rumen absorptive capacity could contribute to differences in MU at different stages of lactation. However, Schepers and Meijer (1998) found no association between parity or stage of lactation and MU when feeding trials were controlled for nutritional factors. This suggests that nonnutritional factors are of minor importance in explaining the association between MU and either parity or stage of lactation.
Season. The high MU observed during the summer months has been reported by others (Carlsson et al., 1995; Ferguson et al., 1997) . They reported that total protein and true protein (mostly casein) in milk are lower during the summer months, while NPN, which includes urea, increases (Carlsson et al., 1995; Ferguson et al., 1997; Van Soest, 1994) . Ferguson et al. (1997) reported that MU varied by season as follows: winter, 5.00 ± 0.071; spring, 5.35 ± 0.075; summer, 5.83 ± 0.086; fall, 5.07 ± 0.093.
The association between MU and season could be confounded by stage of lactation and nutritional effects. Moller et al. (1993) sonal changes in pasture protein and energy components. Australian spring pasture contained 20 to 30% CP and 5 to 20% soluble carbohydrate, thus, creating a high protein:energy ratio, which could result in elevated MU. Studies are lacking that describe the effects of nonnutritional factors associated with season (climate, water intake, DMI, or stage of lactation) on MU.
Because of the absence of data on nutrient balance at the cow-level in this study, the variation in MU across parity groups, stage of lactation, or seasons could not be explained by nutritional management or nonnutritional factors. and Clayton, 1997). Others found that a.m./p.m. MU differences may be influenced by differences in feedingto-milking intervals between a.m. and p.m. milkings (Godden, 1998) . This supports a previous finding that MU was highest when the cow had eaten within 5 or 6 h before sample collection and began to fall as the feeding-to-sampling interval increased (Gustafsson and Palmquist, 1993) . The short feeding-to-milking interval (0 to 6 h) typical of the p.m. sampling period in dairy herds and the longer feeding-to-milking interval of the a.m. sampling period could explain the lower MU in the a.m. milk samples in many herds (Godden, 1998) .
Association Between Milk Urea and Production
Milk yield. A positive nonlinear association was found between cow-level MU and milk yield. Model fit was improved by modeling MU against ECM, which adjusts for milk fat and total protein production. Reports on the association between MU and milk vary between positive (Carlsson et al., 1995; Kung and Huber, 1993; Oltner et al., 1985) , no association (Baker et al., 1995; Carroll et al., 1988) , and negative (Ismail et al., 1996) .
The positive association between MU and milk yield may be attributed to increased milk production which resulted from increased levels of dietary protein fed (Chalupa, 1984; Oldham, 1984) . Supplemental protein may increase milk yield by providing more AA for milk protein synthesis, by increasing the available energy through deamination of AA, or by altering the efficiency of utilization of absorbed nutrients (Chalupa, 1984) . Researchers have reported that increased protein levels had the effect of increasing DMI and so resulted in an indirect effect of increasing energy intake (Macleod et al., 1984) . Chalupa (1984) suggested that 35 to 75% of production responses are due to the direct effects of protein, while 25 to 65% are the result of indirect energy effects.
The conversion of ammonia to urea by the liver has been estimated to cost the animal 12 Kcal/g of excess nitrogen excreted (Van Soest, 1994) . It has been suggested that the energy tax associated with the conversion of excess amounts of ammonia to urea in the liver may contribute to reduced milk production (Nelson, 1996) . Vandehaar (1998) predicted that the energy loss from feeding an extra 2% of protein (a diet of 19% CP) would amount to 0.36 Mcal/d. Other studies have reported contradictory findings on the association between dietary protein intake, MU, and indicators of energy balance (BCS, BW, postpartum weight loss, weight gain, and circulating concentrations of insulin and NEFA) (Blauwiekel and Kincaid, 1986; Broderick and Clayton, 1997; Carroll et al., 1988; Howard et al., 1987; Ismail et al., 1996; Kaim et al., 1983; Ruegg et al., 1992) . The detrimental effects of feeding increased levels of protein resulting from urea synthesis on energy balance and production efficiency are more than outweighed by the positive effects on DMI and energy efficiency. Vandehaar (1998) concluded that excess protein was not a major factor affecting efficiency of productivity. He suggested that the risk of underfeeding protein on milk production and energetic efficiency was much greater than the effects of overfeeding protein.
Type and quality of protein, including AA availability, should also be considered. Baker et al. (1995) reported that while MU was affected by CP, RDP, and RUP, MU was not associated with AA balance. Additionally, although MU indicates the relative balance between protein and energy (protein:energy ratio), it does not indicate which of these two nutrients is in absolute excess or deficiency. Milk urea appears to be moderate when the levels of protein and energy are balanced relative to one another, whether both fed in excess, both are underfed, or both are fed to recommended requirements (Oltner and Wiktorsson, 1983) . Clearly, variations in these nutrients could result in different levels of production among different studies. Thus, variability in the quantity and quality of feedstuffs could explain differences in the association be-tween MU and milk production reported in previous studies. Because information describing nutritional management was not collected at the cow-level in this study, these hypotheses could not be explored.
Milk component production. The negative nonlinear association between MU and both milk fat and total protein percentages, while statistically significant, was numerically very small, posing the question of their biological and economic significance. Other studies have reported no association between MU and either milk fat or true protein percentages (Jaquette et al., 1986; Klusmeyer et al., 1990) . As this study did not measure true protein levels, direct comparisons cannot be made with former studies.
Linear score. A significant negative nonlinear association was found between cow-level MU and LS. Little research has been published that describes the relationship between SCC and MU. One study of Quebec herds reported a positive association between cow-level SCC and true protein content. They also reported a small but significant positive association between SCC and milk NPN levels (which includes urea) (Ng- Kwai-Hang, et al., 1985) . DePeters and Ferguson (1992) , in a review of previous studies, reported that milk from mastitic glands was lower in casein and higher in noncasein protein. They suggested that casein breakdown products contributed to the whey protein fraction of mastitic milk. Whey protein is measured by the IR test method as NPN and should not interfere with the urea estimate (D. McKenna, Foss North America, Eden Prairie, MN; 1999, personal communication) .
Also, the negative association between cow-level LS and MU may not represent a true biological relationship between these two parameters, but rather may be an artifact of instrument calibration. The algorithm used to estimate urea may not completely control for the interference of somatic cells if SCC in the sample is very high.
Although a negative relationship between cow-level SCC and MU was observed, MU data should be interpreted at the group-level, and not the individual cowlevel (Broderick and Clayton, 1997; Cannas et al., 1998; Kolver and MacMillan, 1993; Oltner et al., 1985; Schepers and Meijer, 1998) . Therefore, unless a large proportion of cows in the group or herd have very high SCC, then the herd average MU should not be greatly affected by SCC. In this study, herd average LS was not associated with herd average MU.
CONCLUSIONS
Results from this study were consistent with earlier studies that used individual animals housed under research conditions and chemical methods of urea analy- sis. This study was an important step in clinically validating the use of IR-generated MU measurements from DHI samples as a tool to assist dairy producers in improving the efficiency of nitrogen utilization in their herds.
Milk urea varied by season, month, parity group, stage of lactation, and sample type. Researchers should consider controlling for these variables as potential confounders when exploring the relationship between MU and nutritional management or measures of performance such as production or reproduction.
Because of the apparent effect of a.m. and p.m. sampling on MU concentration, producers on an alternating a.m./p.m. test schedule should test routinely to establish a herd pattern for MU and/or submit the same sampling time consistently.
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